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Abstract 

It is possible that fundamental constants may not be constant at all. There is a generally 
accepted view that one can only talk about variations of dimensionless quantities, such as the fine 
structure constant = /Aireohc. However, constraints on the strength of gravity tend to focus 
on G itself, which is problematic. We stress that G needs to be multiplied by the square of a 
mass, and hence, for example, one should be constraining = Gm^/hc, where mp is the proton 
mass. Failure to focus on such dimensionless quantities makes it difficult to interpret the physical 
dependence of constraints on the variation of G in many published studies. A thought experiment 
involving talking to observers in another universe about the values of physical constants may be 
useful for distinguishing what is genuinely measurable from what is merely part of our particular 
system of units. 
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Introduction. — It seems reasonable to suppose that the fundamental constants of nature 
could vary with time (or position). There has been a wide and varied literature on this 
topic, from at least the time of the numerological ponderings of Dirac [H, |2| to claims of 
detection (and counter-claims of null results) on the variation of the fine-structure constant 
over cosmological time (e.g. jsj-IHI). For many researchers interested in fundamental physics, 
any variation in such constants could be a clue for physics beyond the current standard 
paradigms (e.g. jsl, 0]). 

There is a long history of debate about whether one can measure the time- variation of a 
dimensionful constant. Although claims to the contrary continue to crop up, there is con- 
sensus among a long and illustrious line of physicists that only the variation of dimensionless 
combinations of constants can be meaningfully discussed. Among those pointing this out are 
Dicke B, McCrea Q, Rees [loj, Jeffreys Hoyle and Narlikar [l2|. Carter [13|, Silk [l4 
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The basis for this view is that physical units are quite arbitrary, and that each individual 
constant can be removed through a suitable choice of units (see e.g. 16l-ll8| for a compre- 
hensive discussion). The simplest example is the speed of light, c, whose variation is now 
manifestly unmeasurable because of its designation as a fixed constant relating the definition 
of time and distance units. Dimensionless quantities, on the other hand, are independent of 
the choice of units and so should admit the possibility of genuinely observable changes. 

There are two distinct contexts in which variable constants are discussed. The first is 
to imagine that they are functions of time, a^it) for example (e.g. [l9|). The second is to 
imagine different volumes of the Universe, or different realizations of the Universe, having 
different constants, related, perhaps, to ideas of the string landscape (e.g. j20|). As we discuss 
below, even if one considers the idea of the multiverse to be unreasonably speculative, it 
may still be helpful to consider how one would communicate with some alien culture about 
the possibility of measuring different values for physical constants. Conceptualizing how one 
would have such a conversation may help focus on what is genuinely measurable. 

Much has been written (see e.g. [2l[) about variation in the fine structure constant. 
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(where we have retained SI units in order not to obscure arguments about dimensions and 
units). Much of the activity in recent years has been inspired by claims of measurements or 
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tight constraints on the variability of this constant with time [22- 

There have also been many studies aimed at constraining variations of Newton's grav- 
itational constant, G. G is of course a dimensionful constant, and hence can no more be 
measured to vary as can the speed of light or the charge on the electron. We believe that 
any study of a variable G, should be restated in a dimensionless manner, as we discuss in 
the following examples. 

Dimensionless gravity. — There is a very close analogy between the Coulomb force and clas- 
sical gravity, and hence one can define a 'gravitational fine structure constant' : 



"g = 



Gml 
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(2) 

This choice of notation goes back at least to Silk in 1977 1^. It explicitly selects the the 
proton mass as the 'gravitational charge', although any other particle mass can be used 
instead (there would then be ratios of my^/m^ in some quantities). Using current values 
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for the fundamental constants one obtains Og = 5.9 x 10~^^. The fact that this is so small 
underscores the weakness of gravity compared with electromagnetism. 

What the definition of Og means is that experimental observations should be sensitive 
only to G multiplied by the square of the gravitational charge (and normalized by Planck's 
constant and the speed of light). Just as in the case of variation of Oe, one is not allowed to 
ask which of the parts of ctg are varying with time. 

Any discussion of the variation of the strength of gravity should start from this point. In 
other words, constraints which appear to have been placed on the variation of G only make 
sense if they can be interpreted as constraints on Gm^. 

It should also be noted that just because a quantity is dimensionless does not imply it is 
unit-independent. G/G (or AG/G) suffers from exactly the same unit-dependence problems 
as G. 

Stars and Galaxies. — A well known example of the use of in astrophysics is in the deter- 
mination of the mass of a star from first principles: 



M, ~ a'J'a//' {^] m„ (3) 
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or in other words the characteristic size of a star is ~ 10^'' protons. This is similar to the 
Chandrasekhar mass: 

Mch ~ Og-'/'mp - lO^^mp. (4) 

This means that if one were to compare such a mass measured today with the same mass 
measured billions of years ago, then one could determine that there had been a change 
because a pure number (in this case the number of nucleons in a star) was different. 

An estimate developed later gives the mass of a galaxy from a cooling time argument 



e.g. [14, 127 



Mg.1 ~ ala-' ( ^ ) mp ~ lO^^mp. (5) 

1 /2 

If we wish we can rewrite these in terms of the Planck mass by using nip = ag mpi. 

We can also estimate (see e.g. jlsf) the characteristic lifetime of a Main Sequence star as: 

(m \ h 
— 2- (6) 

We can rewrite this as a dimensionless number of Planck times, where 

Aliens and other universes. — What do we really mean when we say that the strength of grav- 
ity has changed? We are usually talking about a change in ag over cosmological timescales. 
However, it is important to keep in mind that there must be an experimental approach 



which can measure this variation relative to something (see 18|). Thinking this through 
carefully can be particularly important in cosmological studies, since dependence on G (and 
hence ag) can creep in through densities and through the expansion rate via the Friedmann 
equation. 
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Let us consider how we might, in principle, compare notes with observers in some different 
universe, with potentially different physical parameters (e.g. Isf). Since their units are likely 



to be completely different, we would focus on dimensionless quantities, which for gravity 
means Og. In our discussion with these alien observers we would easily be able to focus on 
the crucial dimensionless parts of physics. We would also be able to say something like: 'you 
know that mass where the Schwarzschild radius is equal to the Compton wavelength? Well, 
we call that the Planck mass, and let's agree to use that as a fundamental scale'. We would 
continue the dialogue until we had also agreed on the definition of the other Planck units. 
Then if a particular experiment constrains a length, say, we know to describe the result 
as a certain number of Planck lengths, with any difference being ascribed to the required 
dependence on dimensionless 'constants'. 

Recombination. — To illustrate this, take the example of cosmological recombination (see 
e.g. jsoj). The variation of fractional ionization of hydrogen with redshift can be expressed 
in its simplest form through the equation: 

(8) 



dz H{z){l + z)' 

where H{z) is the Hubble expansion rate, n is the number density of hydrogen atoms 
(baryons) and Orec is the recombination rate (unfortunately using the same Greek letter 
as our dimensionless constants, but here with units s~^). The solution of the recombina- 
tion equation is observable and dimensionless, and hence must depend only on dimensionless 
physical quantities. By considering the physical dependence within a^-cc, using ~ Gp and 
writing the ratio of baryon-to-photon number densities as Rb-j, we find the dependency of 
the equation reduces to 

where Epi is the Planck energy, Epi = ^/nJjG. 

This dependence defines the thickness of the last-scattering surface, which is a large part 



of the effect of variable G on Cosmic Microwave Background anisotropies (see e.g. |3ll. |32|). 
Big Bang Nucleosynthesis. — Another example, which has also been used to constrain the 
variation of G is the abundance of the light elements through nucleosynthesis in the early 
Universe (e.g. js^ and references therein). 

The crucial physics is determined by the condition for freeze-out of the weak interactions. 
Setting a particular form for the weak reaction rate equal to the Hubble rate leads to 

(^X-a-w(^)\ (10) 
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where is the dimensionless coupling constant for the weak interaction and is the W- 
boson mass (there are other formulations in terms of the vacuum expectation value of the 
Higgs field, but we need not concern ourselves here with details of electroweak physics). The 
main point is that this is different from the dependence which some authors have claimed 
to be constraining. 

Conclusions. — We have not explored all examples in the literature of constraints on G, and 
we have not exhaustively assessed each and every paper. However, it is clear that at least 
some of the published discussions involving G rather than ag are in fact constraints on a 
different combination of parameters than asserted by the authors. 
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The possibility of variation of the 'constants' of nature continues to intrigue physicists. 
Dirac's 1937 paper on 'The Cosmological Constants' has been cited more than 500 times, 
and there are numerous other papers claiming to constrain variations of c, e, h or G. The 
situation regarding the strength of electromagnetism has become quite clear, with papers 
discussing anything other than the dimensionless combination now being quite rare. 
However, the literature is still replete with discussions of limits on G/G using solar system 
tests, stellar evolution, light element abundances, microwave anisotropics, or other tests. 
We believe that cosmologists should get their gravitational house in order, and speak only 
of ttg. Imagining how one would talk meaningfully about physical constants with observers 
in a different universe may, ironically, be helpful in clarifying what is being measured in our 
own back yard. 

Acknowledgments. — This research was supported by the Natural Sciences and Engineering 
Research Council of Canada. We thank the many colleagues with whom we have had fruitful 
discussions on this topic, in particular Jeremy Heyl and Jim Zibin. 



P.A.M. Dirac (1937) Nature, 139, 323 
P.A.M. Dirac (1938) Proc. R. Soc. A165, 199 



J.K. Webb et al. (1999) PRL, 82, 884 arXiv:astro-ph/9803165 



J.K. Webb et al. (2001) PRL, 87, 091301 [arXiv:astro-ph/0012539l 

R. Srianand, H. Chand, P. Petitjean, B. Aracil (2004) PRL, 92, 121302 | astro-ph/0402177l 

K.A. Olive (2009) Mem. S. A. It., 80, 754 

P.J. Steinhardt, D. Wesley |arXiv:1003.28T5] 

R.H. Dicke (1961) Nature, 192, 440 

W.H. McCrea (1971) QJRAS, 12, 140 

M.J. Rees (1972) Comm. Astrophys. Space Phys., 4, 179 

H. Jeffreys (1973) Scientific Inference, Cambridge University Press, Cambridge 

F. Hoyle, J.V. Narlikar (1974) Action at a Distance in Physics and Cosmology, Freeman, San 

Francisco 

B. Carter (1974) in 'Confrontation of Cosmological Theories with Observational Data' lAU 

Symposium 63, p291, ed. M.S. Longair, Dordecht, Reidel 

J. Silk (1977) Nature, 265, 710 

P.S. Wesson (1992) Space Sci. Rev., 59, 365 

M.J. Duff, L.B. Okun, G. Veneziano (2002) JHEP, 03, 023 |arXiv:physics/01 10060] 



M.J. Duff (2002) [arXiv:hep-th/0208093' 

J. Rich (2003) Am. J. Phys. 71, 1043 |arXiv:physics/0209016] 

P. Langacker (2004) Int. J. Mod. Phys., A19S, 157 [liep-ph/0304093] 



C.J. Hogan (2000) Rev. Mod. Phys., 72, 1149 [astro-ph/9909295l 



J.P. Uzan (2003) Rev. Mod. Phys., 75, 403 |arXiv:hep-th/0205340] 

M.T. Murphy, J.K. Webb, V.V. Flambaum (2008) MNRAS, 384, 1053 [ astro-ph/061 2407] 
P. Petitjean et al. (2009) Space Sci. Rev., 148, 289 [arXiv:0905.1516j 

N. Kanekar, J.X. Prochaska, S.L. Ellison, J.N. Chengalur (2010) ApJ, 712, L148 
[ arXiv: 1003:0444] 

P. Stefanescu (2007) New Astron., 12, 635 |arXiv:0707.0T90] 
E. Menegoni et. al. (2009) PRD, 80 087302 jarXiv: 0909. 3584] 



5 



[27] M.J. Rees, J.P. Ostriker (1977) MNRAS, 179, 541 

[28] T. Padmanabhan (1996) Astrophysics and Cosmology, Cambridge University Press, Cam- 
bridge 

[29] F.C. Adams (2008) JCAP, 8, 10 j arXiv:0807.3697] 

[30] S. Seager, D.D. Sasselov, D. Scott (2000) ApJS, 128, 407 |astro- ph/99 12182] 
[31] S. Galli, A. Melchiorri, G.F. Smoot, O. Zahn (2009) PRD, 80, 023508 lar2£iY: 0905. 1808] 
[32] K.-I. Umezu, I. Kiyotomo, Y. Masanobu (2005) PRD, 72, 044010 [astro-ph/0503578| 
[33] F. locco, G. Mangano, G. Miele, O. Pisanti, P.D. Serpico (2009) Phys. Rep., 472, 1 
[arXiv:0809.0631J 



6 



